Most bone remodeling is thought to occur within the first few years after THA. Loss of bone density later may be associated with stress shielding or normal bone loss of aging. We evaluated remodeling changes over time with a proximally hydroxyapatite-coated tapered titanium stem. We evaluated plain radiographs of 143 hips for cancellous condensation, cortical hypertrophy, cortical porosis, cortical index, and canal fill at early postoperative, 5, 10, and 15 years. Average age was 51 years at THA; 69 patients (77 hips) (53%) were women; and 102 hips (71%) had primary osteoarthrosis. Based on radiographic findings at 15 years, hips were divided into three subgroups: 43 (30%) demonstrated minimal remodeling changes; 53 (37%) demonstrated cortical hypertrophy evident before 5 years; and 47 (33%) demonstrated additional late remodeling and cortical porosis, most often after 10 years.
Introduction
Long-term fixation in THA requires maintenance of the implant through bone contact. Periprosthetic bone remodeling may enhance this contact, whereas stress shielding and osteolysis may threaten it through bone loss. Mechanical load forces continually expose the bone to a remodeling process according to Wolff's law. Increased load leads to a gain in bone mass, and reduced load results in a loss. Implantation of a total THA changes the distribution of the mechanical forces around the hip [4] . The stresses occurring in the bone after implantation of a stem are due to a combination of axial, bending, and torsional loads [21, 23] . The location and magnitude of stress transfer from the femoral component to the bone vary depending upon the shape and stiffness of the implant [12-14, 22, 24] , the level of coating for fixation and degree of bonding [12, 21, 23] , and the stiffness of the bone preoperatively and the resultant hip force loads after implantation [12, 14, 17, 21, 23] . Most reports of cementless implants indicate bone remodeling starts within the first several months after implantation [25, 35, 38, 44, 46] , but subsequent changes have also been reported [26, 39, 45] . Radiographic analysis of bone remodeling around proximally hydroxyapatite (HA)-coated femoral implants indicate cancellous condensation and cortical hypertrophy in the area of transition from the coated to uncoated portion of the stem, with these changes typically evident as early as 12 months after implantation [9, 10] .
Loss of bone density may be a result of stress shielding secondary to prosthetic design [12, 13, 22, 30] , implant stiffness [3, 6, 19, 24] , and stress redistribution [4, 16, 42] ; however, long-term changes could also be a result of aging [43] . Using CT, one study of 263 cadaveric femurs reported decreases in three subregions (periosteal, midcortical, and endosteal) with advancing age [5] , and in another cadaveric study ultimate stress, ultimate strain, and energy absorption capabilities of cortical bone deteriorated by 5%, 9%, and 12% per decade and porosity increased with age [31] .
U.S. life expectancy tables in 1990 indicate that a 50year-old male or female, the average age and time frame of the patients in this study cohort, would live to 76.7 and 81.6 years, respectively [28] , with the number of centenarians estimated to double in the next 10 years to more than 130,000 people and those numbers expected to double yet again to 274,000 by the year 2025 [8] . Thus, as life expectancy increases, age-related changes in the structure and composition of bone are becoming increasingly important. Similarly, as the number of people undergoing THA increases, the interaction of the effect of a hip implant on the surrounding bone and the age-related changes in bone tissue must be considered and evaluated.
During a routine annual evaluation of plain radiographs in a cohort of patients enrolled in a prospective study of a proximally HA-coated tapered titanium hip stem we noted long term alterations in bone density. During the first 10 years postimplantation, radiographic review yielded no unexpected results. Early remodeling changes were seen in a number of hips, with more than ½ showing cortical hypertrophy in the area of transition from the coated to uncoated part of the stem within the first few years and progressive cancellous condensation seen in at least one Gruen zone in all hips. After 10 years, two of us (WNC, JAD) began to notice unexpected radiographic changes in a few hips, which then prompted this retrospective radiographic study of all study hips at 15 years postimplantation.
We therefore asked: (1) What percentage of hips demonstrate minimal remodeling, active implant-related remodeling, and a combination of active implant-and agerelated remodeling 15 years after primary total hip arthroplasty using a grit-blasted tapered HA-coated titanium femoral component? (2) What demographic or implant-related factors (e.g., age, sex, diagnosis, body mass index, initial bone quality, stem size) are associated with these three remodeling groups? (3) What quantifiable radiographic differences are evident in these three remodeling groups? (4) How do baseline and latest followup bone measurements compare on the contralateral side to the implant side by remodeling group? (5) Finally, only those hips with a diagnosis of osteoarthrosis were culled out for secondary analysis to examine if homogeneity of diagnosis would elucidate potentially important relationships related to demographic and remodeling characteristics.
Materials and Methods
This study is a retrospective examination of serial radiographs in a series of 129 patients (143 hips) with a minimum of 15 years followup after primary THA using a proximally HA-coated tapered titanium femoral component (Omnifit 1 HA, Stryker Orthopaedics, Mahwah, NJ). After radiographic assessment the 143 hips were divided into three groups based on findings on the operative side. Group 1 included 43 hips with minimal radiographic remodeling changes, ie, evidence of cancellous condensation but no cortical hypertrophy or porosis, over 15 years. The 53 hips in Group 2 demonstrated active remodeling over 15 years, including evidence of cortical hypertrophy and cancellous condensation. Group 3 consisted of 47 hips with radiographic evidence of cortical porosis with or without cortical hypertrophy.
The grit-blasted tapered titanium femoral component is straight and collarless and has normalization steps and a dense 50-lm-thick layer of HA applied circumferentially to the proximal 1 .
3 of the stem surface. Various cup designs were used in conjunction with this HA-coated stem, including both porous-and HA-coated cups, and all hips had a gamma-in-air-sterilized ultrahigh-molecular-weight polyethylene liner on a cobalt-chrome femoral head bearing surface.
The 143 hips included in this study were initially part of US and European prospective studies aimed at examining the safety and efficacy of this particular stem. After approval by the US Food and Drug Administration in December 1990, study enrollment was closed; however, this particular cohort of patients continues to be followed prospectively to study the long-term efficacy of this stem. Of the original 226 patients (262 hips) in the study, 15-year followup was unavailable on 75 patients (87 hips) for the following reasons: 26 patients (32 hips) died; 12 stems (12 patients) were revised; and 37 patients (43 hips) had either not yet returned for 15-year followup or were lost to followup. Another 32 hips did not have complete radiographs at all pertinent time periods (1-, 5-, 10-, and 15-years) and thus were excluded from this study, leaving the 143 hips in the study cohort. The average age of this cohort at the time of the arthroplasty was 51 years (range, 18-73 years) and the average body mass index was 26.9 (range, 15.4-41.7). 69 patients (77 hips) (54%) were female, and osteoarthrosis was the reason for arthroplasty in 102 (71%) of hips. Other reasons for the arthroplasty were osteonecrosis in 17 hips (12%), inflammatory arthritis in 4 hips (3%), secondary arthrosis in 10 hips (7%), and other diagnoses in 10 hips (7%). There were no differences between groups with regard to age, sex, diagnosis, or body mass index. Clinically, there were no differences in Harris hip scores preoperatively ( Table 1) .
Each study center was provided with a detailed study protocol prior to initiation of the study to ensure that all clinical and radiographic data were obtained in a standardized manner pre-and postoperatively and annually thereafter. Protocol details included instructions on film and x-ray machine preparation and patient positioning for both anteroposterior and lateral radiographs. Comprehensive radiographic assessments were completed at 1, 5, 10, and 15 years postoperatively. Dorr bone type was estimated from the preoperative anteroposterior radiographs only [11] . Briefly, Type A bone has thick cortices with a distinct medial fin on the AP radiograph. Type B has less bone volume from the medial and posterior fins, and Type C bone has virtually lost the medial and posterior fin. The radiographs were blinded and then reviewed by two experienced hip arthroplasty surgeons (WNC, JAD) individually. If the two assessments were not in agreement, the radiographs were then rereviewed by both surgeons and consensus obtained. The radiographic review by Gruen zone [20] included analysis of bone condensation, cortical hypertrophy, pedestal formation, and cortical porosis. Cancellous condensation, cortical hypertrophy, and pedestal formation have been defined and described previously [9, 10] . Briefly, cancellous condensation is defined as an increase in density in the endosteum. Cortical hypertrophy is defined as an increase in the diameter of the cortex, and pedestal formation is defined as a shelf of new endosteal bone either partially or completely bridging the intramedullary canal. Cortical porosis is defined as a loss of endosteal definition and a decrease in bone mineralization resulting in a homogeneous but somewhat sparse (washedout) appearance of the remaining cortex. Sixty four percent of hips had Type B or C bone. The percentage breakdown by group was 44% of Group 1, 58% of Group 2, and 74% of Group 3 with Type B or C bone (Table 1) .
Quantitative measurements included measurement of the outer diameter (OD) and inner diameter (ID) of the femur (canal width), cortical thickness, and stem width (SW) in millimeters. Cortical index and canal fill are calculated as percentages on the operative side at three distinct levels: just below the lesser trochanter, at midstem, and 1 cm above the tip of the component at each postoperative interval ( Fig. 1 ). Cortical index is calculated as OD -ID/OD x 100, and canal fill is calculated as SW/ID x 100. All quantitative measurements of the radiographs were made by a bioengineer (NB) at the sponsoring institution (Stryker Orthopaedics). Fifty-seven of the 129 patients had a unilateral THA and had not subsequently undergone THA on the contralateral side. Of that subgroup, 38 patients (67%) had all requisite films on the contralateral side allowing for quantitative measurements of the cortical index, cortical thickness, and outer diameter of the femur at the same defined areas of the femur and at the same time periods as the operated side. Relative differences in bone measurement values from baseline to 15 years across the three groups were calculated for the operative side and for the contralateral, nonoperative side. A positive value indicates a relative increase at 15 years, and a negative value indicates a relative decrease at 15 years. Similarly we compared the relative differences in bone measurement values by group between the implant and nonimplant sides from baseline to 15 years, ie, the changes on the implant side minus the changes on the contralateral side. A positive value indicates a greater relative change on the operative side, whereas a negative value indicates a greater relative change on the contralateral side.
We compared demographics, bone type, and radiographic measures across groups. Analysis of variance was used to compare continuous variables (age, body mass index, Harris Hip Scores, cortical index, canal fill, femoral outer diameter, and cortical thickness) between the three groups, and the Fisher's exact test was used to compare categorical data (sex, diagnosis, cup revisions, bone type, stem size, and cortical hypertrophy by number of zones). We performed secondary analyses including only those hips with osteoarthrosis (n = 102) since this group is the largest single diagnostic group in this study as well as in the general population undergoing THA. All statistical analyses were performed using SAS 1 software (Version 9.1; SAS Institute Inc, Cary, NC).
Results
Of the 143 hips followed 15 years post-THA, 43 (30%) demonstrated minimal remodeling changes with cancellous condensation but no cortical hypertrophy or porosis (Group 1) ( Fig. 2) ; 53 (37%) showed remodeling changes of cancellous condensation and progressive cortical hypertrophy (Group 2) ( Fig. 3) ; and 47 (33%) showed evidence of cortical porosis at 15 years (Group 3) ( Fig. 4) , 44 of which also demonstrated progressive cortical hypertrophy ( Fig. 5 ). More hips in Group 3 demonstrated cortical hypertrophy in greater than two zones than those in Group 2 at both 10 (p = 0.006) and 15 years (p = 0.003). Three and five of the 53 hips in Group 2 had greater than two zone cortical hypertrophy at 10 and 15 years respectively compared to 12 and 16 of the 47 hips in Group 3 at the same time periods. Cortical porosis was first evident in one hip at 5 years postimplantation and seven more hips at 10 years, with development in the remaining 39 hips between the 10 and 15 year assessments ( Fig. 6) .
At 15-year followup, Group 2 had a lower average Harris hip score, primarily due to non-hip-related, comorbid conditions in five patients ( Table 1 ). The number of cup revisions for any reason did not differ between groups ( Table 1 ). All femoral components were well-fixed with no radiographic evidence of loosening at 15 year followup. More hips with minimal radiographic remodeling changes (Group 1) at 15 years had Type A bone, whereas those with remodeling changes and/or cortical porosis had more Type B or C bone (p = 0.0066) ( Table 1 ). There were no differences in stem sizes by group.
Hips with minimal radiographic remodeling changes (Group 1) over 15 years had a higher cortical index at Fig. 1 This anteroposterior radiograph shows the three levels of measurement: just below the lesser trochanter, at midstem, and 1 cm above the tip of the implant. Measurements include the outer diameter of the femur, the inner diameter of the femur (canal width), stem width, and cortical thickness at each of the three levels. midstem both at baseline (early postoperative) (p = 0.0003) and at 15 years (p = 0.0113) than those with radiographic remodeling changes with or without cortical porosis (Groups 2 and 3) ( Table 2) . Cortical thickness was also greater in Group 1 than in Groups 2 and 3 beneath the lesser trochanter (p = 0.0374), at midstem (p = 0.0005), and above the tip of the prosthesis (p = 0.0333) at baseline only. There was no difference in canal fill between groups at baseline, but the percentage of canal fill was less in Group 3 than in Groups 1 and 2 at midstem (p = 0.0001) and above the tip of the prosthesis (p = 0.0084) at 15-year followup. Relative differences in bone measurement values from baseline to 15 years across the three groups are shown on the operative side ( Table 3 ) and for the contralateral side (Table 4 ). On the implant side, there was a greater increase in the outer diameter of the femur in Group 3 than in Groups 1 and 2 at all three levels of measurement, with no differences in cortical index or cortical thickness between groups. Conversely, on the contralateral, nonoperated side, there was no difference between groups in the outer diameter of the femur over time, but there was a decrease in the cortical index and cortical thickness below the lesser trochanter in Group 3. Relative differences in bone measurement values were compared by group on the implant and contralateral sides from baseline to 15 years (Table 5 ). There was a greater increase on the operative side in Group 3 with regard to the outer diameter of the femur at all three levels of measurement and an increase in the cortical thickness below the lesser trochanter in Group 3 over 15 years.
Secondary analyses including only the subgroup of hips with a diagnosis of osteoarthrosis demonstrated a greater percentage (p = 0.0216) of women were in the cortical porosis group at 15 years. Of the 90 patients (102 hips) with osteoarthrosis, 50 (56%) were female, with 36%, 54%, and 79% of the hips in Groups 1, 2, and 3, respectively. All other analyses using this subgroup yielded results similar to those reported with the total study group.
Discussion
The rationale for this study arose from the observation of some unexpected radiographic findings in a few hips, first noted to appear at about 10 years postimplantation with this proximally HA-coated tapered titanium stem. Those changes were a progressive and distal migration of cortical hypertrophy in hips that showed early evidence of hypertrophy and a generalized periprosthetic bone loss in a few patients. We then designed this study to retrospectively examine the plain radiographs of this entire patient cohort followed a minimum of 15 years post-THA to evaluate the incidence and nature of late remodeling changes. The primary research questions in this retrospective examination of serial plain radiographs were to determine how many hips showed radiographic signs of late remodeling around this proximally HA-coated femoral component and what patient or implant factors are associated with these late remodeling changes.
The major limitation of this study is the ability to quantify the late remodeling changes seen in the femur with this proximally HA-coated tapered titanium stem from plain radiographs. Unfortunately, since the radiographic changes prompting this study were not anticipated, only plain radiographs were available for this retrospective analysis. Yet the data in this study confirm those of other studies using dual-energy xray absorptiometry [2, 27, 43] and quantitative CT [5, 36, 37] . The associated finding of progressive cortical hypertrophy in this study was quantifiable and lends credence to these study results. One other limitation of this study is that bone type was estimated from the anteroposterior radiograph only, because many of the lateral radiographs were inadequate to clearly visualize the necessary bony landmarks. The results of our retrospective analysis of late bone remodeling revealed patients fell into one of three subgroups. Thirty percent of hips showed minimal remodeling changes (cancellous condensation but no cortical hypertrophy or porosis) from the time of implantation to 15-year followup. This group tended to have more men and more Type A bone than the other two remodeling groups. The remaining 70% of patients showed early evidence of adaptive remodeling typical of that previously described, that is, cortical hypertrophy in Gruen Zones 2 through 6 progressively and evidence of cancellous condensation in at least one Gruen zone (2, 3, 5, or 6) [10] . Of the 70% of hips with remodeling changes, 47 hips (33% of total) also had developed generalized cortical porosis at 15 years post-THA. Regardless of these radiographic changes, no hips in this study showed evidence of implant loosening and all patients are functioning well clinically at 15 years.
In contrast to previous suggestions [1, 25, 35, 38, 44, 46] we found adaptive remodeling did not stop after the first few years. In a number of hips with cortical hypertrophy, the area of cortical hypertrophy was noted to have moved distally over the course of time and the general appearance of these radiographs at 15 years appears more similar to that of an extensively fixed rather than a proximally fixed implant. One could speculate these stems became extensively osseointegrated due to stress transmission moving from proximal to distal over time, resulting in proximal stress shielding and manifesting as cortical porosis at 10 to 15 years postimplantation. This same phenomenon was noted in a study by Geesink [18] using this same stem in which bone apposition was noted to progress distally over time, even at 10 years. In yet another study of a proximally HA-coated femoral component with a curved stem (ABG 1 ; Stryker UK Ltd, Newbury, UK) the authors reported that the location of cortical thickening and densification over the course of time suggested implant/bone stress transfer moved distally in 51 of 67 stems after 10 years [36] .
Another notable and unexpected finding of this study was that cortical porosis, which was evident in only one hip before 10 years and seven more hips at 10 years postimplantation, was seen in 1 .
3 (47) of hips at 15-year followup. No attempt was made to differentiate stress shielding secondary to adaptive bone remodeling around the implant from metabolic bone changes occurring with the normal aging process in this study, but it is presumed both factors contributed to the bone loss. In cases where there was a nonoperated, contralateral side with sufficient radiographs, cortical index, cortical thickness, and the outer diameter of the femur were measured and compared to the operated side. Side-to-side comparisons over time indicated a relative increase in the outer diameter of the femur on the operated side in Group 3, likely reflecting the increase in cortical hypertrophy in that group. An interesting finding is related to the apparent age-related decrease in cortical thickness seen over 15 years in the area below the lesser trochanter on both the implant and contralateral sides. The decrease was greater on the contralateral side, possibly indicating preservation of cortical thickness through stress transfer on the implant side. With regard to the adaptation of more flexible bone around a relatively stiffer implant, in a canine model, Geesink [18] reported a thinning of the outer cortex through stress shielding over time, but also the formation of a new cortex directly in contact with the implant with trabecular bridges between the two dense bone areas. Radiographically these adaptive changes could be described or appear as cortical porosis.
Hips demonstrating generalized cortical porosis were more likely to have had Type B or C bone (less distinct and thinner cortices) at the time of implantation, and when including only those patients with a diagnosis of osteoarthrosis, there were more women in the cortical porosis subgroup. Poorer bone quality on either the operated or contralateral side at the time of implantation reportedly correlated with a greater loss of bone density later in a number of other studies of cementless stems [15, 29, 37] . In one retrieval study of 11 pairs of femurs, one of which had been implanted with an extensively porous-coated stem at an average 5.9 years, women had greater bone loss than men (31.2% versus 12.3%, respectively) [41] . One study of nonoperated femurs using CT reported a correlation between increased porosity and advancing age in women and a similar, but weaker correlation in men. That same study also reported an age-related decrease in cortical thickness in women but no such relationship in men [5] . A question that arises from the findings of this study is whether the combination of continued adaptive bone remodeling around a hip stem in conjunction with the generalized porosis of aging will eventually threaten the implant stability. The aim of THA has always been to provide a long-lasting, ideally single, implant for the patient requiring THA. As the technology has improved, so the indications for the timing of THA have increased to include much younger patients. On the other end of the spectrum, patients are also living longer, more active lives. Thus, it is imperative we begin to examine how the bone loss associated with normal aging may affect the longevity of a hip implant. This study cohort was relatively young at the time of their THA (average age, 51 years); therefore, these patients may require 30 years or more from their THA. At 15 years postimplantation, we have seen the development of cortical porosis in about 1 .
3 of the patients in which this proximally HA-coated femoral component was implanted. All implants in this study remain well-fixed and the patients are functioning well at 15 years. In addition, this same implant has performed equally well in other mid-to long-term studies [7, 21, 27] . Longer-term followup is needed to determine if this generalized bone loss will eventually threaten the stability of the implant. Studies of other implants long-term have looked at radiographic remodeling changes [32] [33] [34] 40] but not specifically in relationship to changes in bone quality associated with aging. In fact, often such long-term followup studies rely on telephone interview with the patient or family member and do not include radiographic followup.
Our data suggest certain patients, in particular women with poorer bone quality at the time of arthroplasty, may be more likely to develop periprosthetic cortical porosity after 10 years or more. Given these results and knowing implants of various designs remodel differently, the question arises whether one implant design is preferable over another in patients with a particular profile undergoing THA. Design considerations include metal (titanium versus cobalt-chrome) and fixation methods (porous versus HA coating and proximal versus extensive coating). For example, in this study the distal portion of the stem was grit-blasted, and it is possible in some cases of progressive remodeling this portion of the stem became osseointegrated, whereas this may not have occurred had the distal portion of the stem been polished. This study examined only a single implant design and a single patient cohort. Radiographs of other implant designs and fixation methods need to be examined in a similar manner to determine the incidence and effect of cortical porosity in a variety of ages, races, both sexes, and all bone types. In addition, other patient factors such as activity levels and medication use such as hormone replacement therapy or other drugs that might affect bone quality need to be examined. Agerelated bone changes alone are complex, but when combined with implant-related bone changes, future studies will need to include large numbers of patients and implants to determine which factors are significant and in what combinations they might have either a beneficial or deleterious effect on the surrounding bone.
The aim of this proximally HA-coated tapered titanium stem was to preserve bone, yet the radiographs of 1 .
3 of these hips indicate a generalized loss of bone, partially due to continued bone remodeling secondary to the implant and partially due to the bone loss associated with aging. Poorer bone quality at the time of arthroplasty and female gender appear to be risk factors. Thus, the question arises whether a particular patient profile can be identified in future studies as one with a higher risk of developing cortical porosis in the long term. Additional studies should examine not only patient factors but implant design factors, which could then lead to the use of an optimal implant design for the subset of patients at risk for late remodeling changes. The current iteration of this stem has a plasma-spray coating proximal in addition to the HA-coating. It remains to be seen what effect, if any, this modification will have on long-term remodeling. Nonetheless, at 15 years postimplantation, this proximally HA-coated implant remains well-fixed and without clinical symptoms in this entire cohort of 143 hips. We will continue to follow these patients and evaluate their clinical scores and radiographs to determine if and when bone loss associated with normal aging might threaten the stability of their hip implant.
